Transconductance of a double quantum dot system in the kondo regime Koerting, V.; Wofle, P.; Paaske, Jens We consider a lateral double-dot system in the Coulomb blockade regime with a single spin-1=2 on each dot, mutually coupled by an antiferromagnetic exchange interaction. Each of the two dots is contacted by two leads. We demonstrate that the voltage across one of the dots will have a profound influence on the current passing through the other dot. Using poor man's scaling, we find that the Kondo effect can lead to a strong enhancement of this transconductance.
Nanostructured electron systems offer the unique possibility to prepare and probe highly nonequilibrium stationary states. Energy dissipation and therefore heating, characteristic of any nonequilibrium state, take place in the bulk reservoirs connected to the nanostructure, where it is absorbed causing a negligible change of state. The nature of such a nonequilibrium state may be conveniently probed by transport measurements rather than thermodynamic or optical experiments (cf., e.g., Refs. [1, 2] ). In an ordinary quantum dot setup the probing field, e.g., the applied bias voltage, is also responsible for driving the system out of equilibrium. However, by separating the driving field and the probing field many more possibilities for both studying nonequilibrium states and exploiting their properties arise. In the simplest realization of such a system one must have two parts of the system strongly coupled by some interaction and each contacted by two leads. Applying a sufficiently high bias across one part will then influence the current through the other part. This coupling is mediated by the change in nonequilibrium occupation numbers on the nanostructure caused by the driving field, which in turn governs the current response to the probing field.
In this Letter we investigate the properties of a system of this type (cf. Fig. 1 ), that is two quantum dots in the Coulomb blockade regime with odd electron occupation, giving rise to spins S L;R 1=2, coupled by an exchange interaction K. Each dot is contacted by two leads, modeled by exchange-tunneling amplitudes J L;R t 2 =E C , in terms of lead-dot tunneling amplitudes t and charging energy E C . This setup is very similar to the double-dot devices studied, for example, in Refs. [3] [4] [5] , where the central region was either a quantum dot, a quantum wire, or a tunneling barrier, which could then support an exchange interaction between the two spins. The following discussion does not rely on the physical nature of the exchange coupling. In practice, it can be due to a simple superexchange mechanism [6] or a RKKY interaction, as is most likely the case in Refs. [3, 4] , or even due to the so-called Kondo-doublet interaction suggested recently [7] .
The theory of the two-impurity Kondo model per se is well established [8] , but with the experimental progress in quantum dot systems, issues like the quantum critical properties remain an active field of research [9] [10] [11] . The influence of the exchange interaction K and an applied magnetic field on the nonlinear conductance dI L =dV L was studied in Refs. [12, 13] , and it was demonstrated how the nature of the ground state (Kondo screened or local singlet) can be extracted from the temperature dependence of the linear conductance.
In the present setup with two sets of biased leads, we are facing an entirely new problem in which correlations and nonequilibrium effects must be treated side by side. We calculate the transconductance dI L =dV R and demonstrate a transistor effect in which a current through the left dot I L as a response to a bias on the left dot V L is switched on only when the bias over the right dot V R exceeds a threshold given by K > 0. This threshold effect rests on the fact that the exchange-tunneling current from lead 1 to lead 2, I L , is zero as long as the spins are locked in a singlet. A sufficiently large bias across the right dot will, however, lead to a partial occupation of the triplet state, which does allow for a finite current I L . As we shall demonstrate, the nonequilibrium polarization due to V R , and thereby the trans- conductance peak at V R K, will be enhanced by the Kondo effect. In the case of ferromagnetic coupling, the triplet ground state gives rise to a spin-1 Kondo effect [12, 13] . In this case, a bias voltage over the right quantum dot will influence the corresponding zero-bias conductance peak and singlet satellite peaks in dI L =dV L , partly by decoherence and partly by a redistribution of the singlet or triplet occupations. However, these effects are less dramatic and we therefore restrict our attention to the antiferromagnetic case, K > 0, which exhibits the aforementioned threshold effect.
Model.-We model the double dot by two spin- 
where n; m 1; 2; 3; 4 label the leads, assumed to be in equilibrium at chemical potentials n . c y nk creates electrons in lead n of momentum k and spin and the spin operator s nm P k;k 0 ;; 0 c y nk ;0 =2c mk 0 0 denotes, respectively, the conduction electron spin (n m) and the exchange-tunneling operator (n Þ m). We do not allow for charge transfer between the two dots. Experimentally the charge transfer may be suppressed by a suitable arrangement of tunneling barriers (cf. [9] ).
For K 0, the two spins will undergo separate screening by the conduction electron spins in each set of leads as the temperature is lowered beneath the two, generally different, Kondo temperatures T K;L and T K;R . However, at sufficiently large bias voltages eV L T K;L and/or eV R T K;R , where eV L ; eV R are the chemical potential differences of leads n 1; 2 or leads n 3; 4, respectively, these Kondo effects are partially suppressed [14, 15] . A finite antiferromagnetic exchange coupling K, on the other hand, will correlate the spins S L ; S R and, depending on the relative magnitude of K and the Kondo temperatures, the two spins will either lock into a singlet or be screened by their respective lead electrons [8] . We will be interested in the regime K maxfT K;L ; T K;R g, when the Kondo effect cannot develop fully. In this case it is necessary to treat the exchange coupling K exactly, whereas it is possible to treat the Kondo effect perturbatively.
The spin states of the isolated double dot are the singlet (S 0) and triplet (S 1) states of the two coupled spin-1=2. They form the appropriate basis states in this regime even when the coupling to the leads is turned on. For convenience, we employ a pseudoboson (bond operator [16] It is known that away from the particle-hole symmetric point a finite potential scattering term will give rise to a current below the threshold. Nevertheless, we shall assume that a set of individual gates on each dot can be adjusted so as to make the system (nearly) particle-hole symmetric and hence neglect potential scattering altogether. In the setup by Sasaki et al. [4] , such tuning was made possible by two individual plunger gates.
Nonequilibrium perturbation theory.-In equilibrium, i.e., for vanishing bias voltages, the states ji of the double dot are thermally occupied, with occupation numbers n hb
In a stationary nonequilibrium situation with sufficiently large currents through the nanostructure, the occupation numbers are determined by the currents, i.e., the couplings and the voltages, rather than temperature [18] . A further complication is that nondiagonal parts of the density matrix n 0 hb y b 0 i may be nonzero due to the mixing of states by the coupling to the leads. Confining our considerations to zero magnetic field this will not be the case and, furthermore, the triplet states will be equally occupied, i.e., n n t , for ; 0; ÿ. It is useful to define the polarization p n s ÿ n t , and we note that hS L S R i ÿ 
where (n; m) takes the values (1; 2) or (3; 4) and T nm T L or T R , ! 0 ! ÿ ! 0 , and F nm 0 ! f! ÿ n 1 ÿ f! ÿ m ÿ ! 0 , f! being the Fermi function. The dimensionless exchange couplings, g nm F J nm (assuming same density of states F in all leads), will only acquire frequency dependence under renormalization as we shall discuss later. The Boltzmann equation is readily solved together with the constraint P n 1, and using the threefold degeneracy of the triplet, one finds that p ÿ st ÿ ÿ ts =ÿ st 3ÿ ts .
The current through the left dot is obtained as
and a corresponding expression holds for I R V, with leads 1; 2 replaced by 3; 4. From Eq. (3) it is clear that V R only enters via the occupation numbers, and using the unrenormalized couplings the transconductance is given by
where F VKÿeVn B KÿeVKeVn B KeV, in terms of the Bose function n B " 1=e "=T ÿ 1, and g 2 c g 12 g 34 2 = P m;n g mn 2 . dI L =dV R is an odd function of V R which diverges like T=K ÿ eV R for eV R ! K. As we shall see below, this divergence is removed once the broadening of the excited triplet states is taken into account, and one is left with a pronounced peak in the transconductance. Assuming that g mn g LR for m; n 2 f1; 2g; f3; 4g, one has g 2 c g ÿ2 L g ÿ2 R ÿ1 which shows that the transconductance peak is expected to be largest in a symmetric setup where g L g R .
Renormalized perturbation theory.-Since the higher order terms in the perturbation series are plagued by logarithmic singularities characteristic of the Kondo effect, we apply poor man's scaling to sum up the leading logarithms in this series. As demonstrated earlier [15, 19] , this is conveniently done by keeping track of the generated frequency dependence of the couplings. Within this approach the renormalized coupling functions are calculated from the following set of renormalization group (RG) equations describing the flow of couplings under a reduction of the bandwidth D:
2 is the step function and ÿ is a Korringa-like decoherence rate due to particle-hole excitations in the leads. In general, ÿ involves both self-energy and vertex corrections and may depend on the intermediate state for which it describes the broadening (cf. [20] ). Since, however, ÿ appears only under the logarithm we will neglect these details here and simply use the maximum ÿ maxfÿ 0 g with ÿ 0 defined in Eq. (2). The renormalized couplings and ÿ are calculated self-consistently, then we solve for the occupation numbers and calculate the current using the renormalized coupling functions in Eq. (3). The perturbative RG approach is valid for K T K , where T K D 0 e ÿ1=2gD 0 in terms of bare coupling gD 0 and the half-bandwidth D 0 .
Renormalized conductances. -In Fig. 2 we plot the polarization p as a function of eV R =K at V L 0, for several values of K=T K and at temperature T=T K 0:1. As eV R approaches K the triplet states become partially populated and eventually p tends to zero as 1=V R . Since we use T K, temperature is practically zero and the broadening is governed by K and V R . In the inset of Fig. 2 we plot the derivative ÿKdp=dV R vs eV R =K, showing a pronounced peak which is increasingly smeared as the ratio K=T K is made smaller and the Kondo correlations become more pronounced.
From the polarization p and the renormalized couplings, we can now determine the current from Eq. (3). As mentioned above, electron transport via exchange tunneling always involves excitation out of the singlet ground state. This requires an energy of the order of K and therefore leads to a threshold behavior near eV L K, as sketched also in Ref. [12] . Alternatively, the singlet-triplet gap can be overcome by a finite V R , which will lead to a finite dI L =dV L even for eV L < K. This is clearly seen in Fig. 3 . When V R becomes larger than K, a zero-bias peak is seen to develop, the magnitude of which is determined by the ratio ÿK=T 2 K . In the limit of zero probing voltage, we find that
where both n t and ÿ depend on the driving-voltage V R . The inset of Fig. 3 shows the increase of the linear conductance with V R , as calculated, respectively, by perturbative RG and second order perturbation theory (PT). The initial rise with V R is set by the triplet occupation number n t 1 ÿ p=4. The amplitude is logarithmically enhanced due to the Kondo effect and falls off very slowly (ÿ / V R ) for V R K. Figure 4 shows the transconductance versus eV R =K for V L ! 0. Enhancing the Kondo correlations by lowering K=T K is seen to amplify the transconductance but also to smear the threshold. By scaling with K=eV L we eliminate the 1=K dependence seen in Eq. (4) as well as most of the dependence on the probing field for eV L < K (cf. inset of Fig. 4) .
Conclusion.-We studied the mutual influence of spatially separated currents flowing through two quantum dots coupled only by spin exchange. The strong interrelation between the currents and nonequilibrium occupation numbers for the singlet and triplet spin states correlates the two currents, and we showed that this can be observed as a marked peak in the transconductance. Since the spin exchange interaction requires well-defined spins on the quantum dots, the coupling to the leads should be relatively small, but opening up towards the Kondo regime our perturbative RG calculations demonstrate that weak Kondo correlations (T K K) will in fact enhance the transconductance peak. This pronounced signal in the transconductance provides a new experimental means of probing the exchange coupling between two quantum dot spins. Moreover, as evident from Eq. (7), this mode of operation provides direct experimental evidence for the voltage dependence of the nonequilibrium distribution function n t . 
